The Bethampudi layered anorthosite complex at the border zone of Archaean supracrustal rocks of Khammam district, Eastern Ghats shows normal stratification predominantly in the form of rhythmic layering and often exhibits of zebra layering. Graded bedding and cumulate structures are also noticed. The rocks of the study area are classified based on petrography into anorthositic rocks, gabbroic rocks and ultramafic rocks and amphibolites. The field relations and major element composition suggest that these anorthosite rocks are of calc-alkaline in nature and petrogenitically related to the gabbroic rocks by the fractional crystallization at <750˚C.
Introduction
Anorthosites of Bethampudi area are coarse grained, plagioclase-high rich (>70 vol. % of rock-modal composition) cumulates of plutonic igneous rocks that have variation of basaltic magmas of mantle origin [1] [2] . The occurrences of anorthosites are volumetrically minor and spread the entire geological column, but more constrained to Precambrian terrains. Majority of anorthosites were mainly confined to high grade granulite-gneiss belts and low grade granite-greenstone belts of the Precambrian terrains [3] [4] [5] [6] [7] . Minor anorthosite components in the younger mafic layered intrusions and in basaltic volcanic provinces of the Phanerozoic to recent periods are uncommon.
The world-known anorthositic occurrences are broadly classified into six major and distinct groups on the basis of their form, internal structure and texture, nature and composition of plagioclase feldspar [1] [8] [9] : 1) the Archaean metamorphosed layered complexes (Fiskenaesset type); 2) the Proterozoic massif anorthosites (Adirondacktype); 3) layered mafic intrusions (Bushveld-type); 4) Anorthosites in oceanic setting (in ophiolites); 5) Anorthosite inclusions in other igneous rocks and 6) Extra-terrestastrial anorthosites (lunar-type).
Archaean anorthosites comprise layered components of few or all the following:
anorthosite, leuco-gabbro, gabbro, mela-gabbro and ultramafic rocks (including chromitites). They contain textures and structures similar to those of younger layered basic intrusions, but are generally distinguished by the abundance of anorthositic rocks over mafic (gabbros) and ultramafic rocks, the equidimensional high calcic plagioclase with a high anorthite content at An 80 -85 and affected by different degrees of metamorphism and deformation [10] [11] . They also differ in overall structure and composition from Proterozoic massif-type anorthosites which commonly form large steep-sided plutons and are characterized by tabular crystals of intermediate plagioclase (An 40 -60 ) composition [7] [10] [12] [13] .
Excellent evaluations on the Archaean metamorphosed layered complexes by [3] [4] [10] [14] [15] have provided descriptions and illustrations of the archean anorthosite complexes and these are variously interpreted as: 1) metamorphosed equivalents of mafic layered intrusions such as Bushveld [16] [17] ; 2) tectonic slices of lower crust [18] ; 3) fragments of the Earth's putative primordial anorthositic crust [19] ; 4) segments of ancient oceanic crust [20] ; 5) early cumulates from the precursor magmas to the voluminous tonalite gneisses, which now enclose the complexes [21] ; 6) subducted oceanic lithosphere at cordilleran type continental margins [3] [22]; 7) cumulates complement to greenstone belt basaltic volcanism [4] [10] [23] [24] [25] .
The Bethampudi Anorthositie Complex is in northern portion to Chimalpahad Layered Complex (CLC), Telangana State, and the largest, deformed and metamorphosed Archaean anorthosite complex in Khammam Schist belt of southern Peninsular India [1] [11] [15] [26] . The occurrence of calc plagioclase (An80-85) as cumulus, and hornblende as the chief mafic mineral, is a spectacular igneous deformation and metamorphosed one [11] [27] [28] . Bulk chemical composition [28] Lake complex of Ontario, Canada [25] .
The present paper discusses on petrography and geochemical interpretations of major elements of rocks from Bethampudi Anorthosite complex (BAC) of Khammam district, Telangana State. Based on geochemical studies, a genetic link between the rocks from BAC and associated mafic granulites and has been proposed. A possible parental magma was suggested along with geodynamic setting of the BAC and its associated mafic and felsic volcanic rocks in Khammam schist belt.
Geological Setting
The Bethampudi Anorthosite complex extending >100 sq. km included in the survey of India Toposheet Nos. 65C/7 and 65C/10; and boundary by latitudes 17˚30' and 17˚35'N, and longitudes 80˚25' and 80˚35'E ( Figure 1 ). The BAC is syntectonically emplaced as a "sill-like" intrusive body trending NE-SW direction within the Khammam Schist Belt (KSB). Smaller outcrops of the BAC that are spatially separated from the main body by prominent shear zones, occur as tectonically dismembered and deformed sheets and lenses in the southern, northern and western parts of the complex. Further, the complex is intruded by younger intrusive dyke, quartz veins and pegmatites. The rocks of BAC have been affected by three phases of ductile-brittle deformation and metamorphism under upper amphibolite to lower granulite facies [11] ; hence, clear-cut stratigraphic sequence of the magmatic disposition in the BAC could not be established; and the magmatic structures exhibits variably witnessed complex-folding and fracturing which was overprinted on the primary igneous layering during transpressive tectonism [11] .
The several members of the complex are classified into three lithological units based on their mafic mineral content, following the one adopted by [14] : 1) anorthositic rocks; 2) gabbroic rocks and 3) ultramafic rocks. Anorthositic rocks include minor anorthosites (0% -10% of mafic minerals), predominant gabbroic anorthosites (10% -20% of mafic minerals) and anorthositic gabbros (20% -35% of mafic minerals).
Anorthositic rocks constitute the bulk (>95%) of the BAC, and can be petrographically divided into two varieties: 1) garnet-bearing and 2) garnet-free anorthositic rocks. The garnet-bearing anorthositic rocks are comparatively less abundant than the garnet-free varieties; the former varieties generally confined to shear zones in the BAC. Garnet- free varieties are widespread over the hill ranges of the area. Layering with cumulus texture is the prominent primary feature of the anorthositic rocks and is extremely well preserved in these rocks at different localities of the marginal zone of the BAC. Gabbroic rocks (35% -65% of mafic minerals) are the distinct mafic rock units of the BAC.
They are sparsely distributed and have limited areal extent in the complex. They occur as younger concordant bands and lenses in the anorthositic rocks. Ultramafic rocks (>65% of mafic minerals) are seldom occur in the BAC. They occur as lenses and minor bands in the complex.
Amphibolites
Are the significant mafic rocks and associated with the rocks of the BAC and the tonalitic gneisses of the Khammam schist belt, Telangana State. The amphibolites are of texturally two types: 1) Banded and schistose type occurring as intercalated bands with tonalitic gneisses exposed in the plane country, and 2) massive type which occurs as sills and dikes of variable dimensions (few meters to hundreds of meters in length), lenses (few meters to tens of meters in diameter) and tectonic slices, rafts and flows (few meters to hundreds of meters in length) in and around BAC and in plane country of the KSB. They locally exhibit grain size variation from fine grained massive type to coarse grained schistose type.
Mafic Granulites
Look similar gabbroic rocks in the field, but they vary from the latter by their typical characteristic of mineral assemblages; granoblastic texture, and nonappearance of cumulate characteristics. They arise as lenses, dykes and small mounds in the KSB and are generally located at the marginal portion of the BAC, Similar to those in high pressure retrograde granulites of Ungava orogen, Canada [34] . Therefore, the mafic granulites around the BAC may be considered as high pressure retrogressive granulite facies metamorphic products of fine grained gabbros [11] .
The BAC includes anorthosites, gabbroic anorthosites and anorthositic gabbros, and subordinate gabbros and pyroxenites. Spectacular phase layering of different styles and scales is observed, particularly in low-strain zones. The magmatic structures of AC include rhythmic grading, cyclic (cryptic) layers, zebra banding, cross bedding, trough structures, and cumulate textures [11] [35] . The cyclic layering is made up of different proportions of felsic (plagioclase) and mafic (hornblende + clinopyroxene) phases 
Petrography

Mineralogy
The anorthositic rocks from the BAC are mainly mixtures of two minerals: plagioclase and hornblende. However, both ortho-and clino-pyroxenes become more dominant in mafic and ultramafic rocks of the BAC (Table 1) . Garnet, zoisite, clino-zoisite, epidote and scapolite form minor minerals, while quartz and calcite form accessory minerals. Table 1 Amphibolites are mineralogically sub-divided into 1) clino-pyroxene bearing amphibolites; 2) sphene-bearing amphibolites; 3) garnet-bearing amphibolites mainly composed of hornblende and plagioclase as major minerals (Table 1) . Garnet, epidote and scapolite occur as minor minerals. Clinopyroxene is considerably higher proportion in some amphibolites, but the orthopyroxene is completely absent in all amphibolites. Biotite, sphene, quartz and Fe-Ti oxides form the accessories in these rocks.
Mafic granulites have distinct mineralogy and textures, when compared to rocks from the BAC. Pyroxenes are dominant over amphiboles in these mafic granulites.
Clinopyroxenes are greater in proportions than orthopyroxenes and this feature is different from that of gabbroic rocks of the BAC. Absence of epidote group minerals and presence of biotite and sphene from mafic granulites are distinct mineralogic variations from those of the rocks from the BAC. Scapolite, and quartz form as accessories in the mafic granulites (Table 1) .
Textures
The rocks in BAC are, in general, coarse grained and granular in form. The anorthositic rocks occasionally exhibit plaigoclase-rich felsic layers and hornblende (garnet/clinopyroxene)-rich mafic layers, and they also display parallel alignment of lenticular hornblende and randomly distributed garnet porphyroblasts.
The rocks of the BAC exhibit a variety of textural features ranging from relict magmatic to metamorphic (and deformation) fabric. The textures of the BAC are broadly classified into: 1) relict igneous cumulus textures; 2) metamorphic recrystallized equili-brium (and rarely disequilibrium) textures; 3) replacement textures and 4) deformation fabrics.
Cumulus textures (Figure 3(f) ) are common in anorthositic, gabbroic and ultramafic rocks. In anorthositic and gabbroic rocks plagioclase is a primary cumulus phase and mafic silicates (hornblende and pyroxenes) are inter cumulus phases. However, these mafic silicates form the as cumulus phases in the ultramafic rocks.
The rocks of the complex exhibit, by and large, metamorphic equilibrium textures.
Equant polygonal grains and smooth planar boundaries with triple junctions indicate solid-state recrystallization (due to grain-boundary migration during plastic deformation at higher temperatures); grain size reduction and sub-grain rotation took place in the rocks in the high strain zones by dynamic recrystallization at lower temperatures [38] .
Metamorphic disequilibrium textures are locally developed due to diffusion-contro- 
Geochemistry
Analytical Procedure
Typically, unaltered and fresh samples, showing the widest possible variation in modal mineralogy, were analyzed for major elements. Cleaned chips were powdered to ~200 mesh using a steel jaw crusher and a ring mill. The rock powders were analyzed by X-ray fluorescence spectrometry (XRF) using Philips MAGIX PRO-Model 244O for the major elements. Representative whole rock analyses are presented in Table 2 (Figure 4 ). Anorthosite rocks show distinct feldspathic composition and total normative feldspar verses normative plagioclase composition ( Figure 5 ) and also no coherent variation between total normative feldspar, and normative plagioclase composition, instead, there are horizontally spread of points. Anorthositic rocks of the BAC largely have normative olivine and they fall in normative olivine field. However normative quartz is only seen in a few felsic anorthositic rocks ( Figure 6 ). These Anorthosites display a good positive correlation between silica saturation and total normative feldspar. The silica saturation decreases with increasing of mafic components, particularly MgO, at a constant silica percentage from anorthosites through leuco-gabbros (gabbroic anorthosites and anorthositic gabbros). However, silica saturation against normative plagioclase composition (% An) does not show distinct correlation relationship. These unrelated geochemical parameters are independent to each other and they may be controlled by accumulation of different proportions of cumulus and intercumulus phases in anorthositic and gabbroic rocks of the BAC. Therefore the anorthosites show a positive intercept, which suggests that the primary plagioclase in these rocks was Fe-bearing, and/or, that a small amount of an essentially Mg-free, and Fe-bearing phase (magnetite) was present in the protolith [42] . On the CaO and Na 2 O plots these rocks are formed as two groups as anorthosites and both gabbroic anorthosites/anorthositic gabbros. Low MgO with variable CaO and Na 2 O, in anorthosites suggests variable plagioclase composition. In gabbroic anorthosite and anorthositic gabbro rocks an increase in MgO is accompanied by a general decrease in CaO and Na 2 O, where as the data for K 2 O define a crude horizontal array. Such patterns indicate that 
Major Element Geochemistry
Discussion
The formations of the study area show magmatic cross-bedding, graded bedding and cumulate structures. These field evidences indicate an undoubted igneous origin of the complex. This view is further corroborated by the twinning of plagioclase on Carlsbad and albite laws [43] . Layering is predominantly rhythmic type with alternating thin plagioclase-rich and hornblende rich layers. Layering involving different members of the complex i.e. anorthosite, gabbroic anorthosites, anorthositic gabbro, gabbros and ultramafic rock, is observed only at a few places of limited extent. The other layered complexes having cross bedding and graded bedding are skaergard intrusions and the Messina layered intrusion of Limpoo belt [23] . Opined that convection current was responsible for magmatic cross-bedding in skaergard. [35] considered the cross-stratification in chamber. [44] has discussed the role of the magmatic density currents in the cumulus processes in layered rocks.
Mose [45] stated that the magma will convict because it cools more rapidly at the top. There are two types of hornblende viz; the pale green and olive green hornblende free from relict pyroxenes and blue green type with relict pyroxene and in some cases forming rims or coronas around pyroxenes could be of primary igneous origin. The whole rock chemistry reveals that the BAC is rich in CaO, Al 2 O 3 and poor in alkalies, in conformity with the Archaean layered anorthosites. The AFM diagram plots show a pure calc-alkalin and amphiblites show tholiietic differentiation trend. This is also in conformity with the views of [14] that the differentiation trends in metamorphosed layered complexes are believed to be similar and display a calc-alkaline trend.
Conclusion
The Bethampudi complex is essentially a leucogabbro (gabbroic anorthosite and anorthositic gabbro) with minor volumes of anorthoistes, gabbro, amphibolites, pegmatites and quartz veins occur as concordant or discordant bodies in the country rock. The layered leucogabbros show magmatic cross-bedding, graded bedding and cumulate structures. These field evidences indicate an undoubted igneous origin of the complex.
The geochemical data suggest that the anothosites are of calc-alkaline and amphibolites have tholeiitic affinity. The presence of well-developed rhythmic layering indicates that fractional crystallization is generated by gravity settling of successively crystallizing cumulus minerals from a primitive basaltic magma, clinopyroxenite, gabbro, anorthositic gabbro and anorthosite, in this order to build up the study area complex, BAC. The parent magma, in general is basaltic with high alumina and low silica and alkalies. The plots on SiO 2 and MgO versus alumina and alkalis indicate the tholeiitic balsalt composition.
